










P.-is i... th.- .bj..t iv.. -=. ..-N . . ..d.r Of mwit.d. .W.Y fromthe fiwr. se.. ifi..tn.n. and two
full order. away from the required mmmth”ess. T.mi.g thus W.S but the genere,tim process preceedi”S a

convent imal polishing operat i.”, but what a gener.t i.” pm..ss !

F.. x-ray telescope%, the t.rni”~ process is not mly cap.ble of gemretlng the rough sb.pes to .

Pre. i.i.. ...bt.i..ble br .ther m...., but capable of generating these to the absolute accuracy necessary
f.. ..sti.K. EW*llY +mP..t..t. it i. ..p.ble of Providing precision assembl joints and perhaps most

3important of .11, alignment refereme surfaces for subsequent optical testing 0.

Other classes of metal .spheri. s virtually umbtaimbl. in my other way are laser resomtor optics such

as aximm, wa. ice. s, and .efl.rimns –- optics hs,vin~ m“-..?. slope on tbe optic ce”terlir.e31. While
mast of this .mt.ble rewm. tm work is et In w.velmgths, these are oft.” much rm.e sensitive to figure
errors md surf... roughneus tbm mrml lR optics, H.lt iple passes make them extremely se.. itiv. to ma.
.“61. scatter and heme Img spatial wavelmgth errors; fis.ee requirements of ).120 to W1OO i“ the
visible are mt ummmm. F.rtbermre, those designs that expand the compact are. “ear the .e”ter to m
outer ring are extremely sensitive to azimuthal errors si”.e .eeompact ion c.” produce severe ph. se
distort i.” around the compacted centerline.

Figure 3. Early unstable resonator line.r w.xic... Figure 4. PERL, . 10 m 3rd senecatio. nmchim for
turned i“ ... piece o. oil showered let ge.ec. tim tmlin& and u.acbi.ing $Cie”. e research, S61.11 size
machine. Single piece turni.~s of this type ... inc .... .i~idity and reduces external thermal,
virtually impossible to polish, but lima. ,.rfa. es .mo. sti., md seismic coupling.
from 3rd generat i.” amchi”es may not need polishing.

ff.chine desire

We have made the point tb.t diammd turning i. simply the logical exte”sicm of p.ecisim machi”ir.g, A
diamond tu.ni”~ machine is a lathe which can .s. dim.”d tool. k. imp...e accuracy .r fi. igb. Iji.m..d tOOIS

can and have i“ fact bee” used successfully .. a number of co”.e”tio”.l !mchi”es It is obvious that “ot
.11 of the,. ... appropriate for optical f.bri..tirm,

The design of successful machines varies widely. Single .Zis m.chines used i“ either turning or
flyc.tti”g modes are sufficient for flats .“d, by tilting the head, for ..”.s cm cylinders K.st are two
and three axis m.chims sometimes combi”i”g rotary with .“. or more Ii”ear axes Most machims have

horizontal spindle axes, but . few large u.achims h... bee” built with vertical .xe.M,3z, Them is thus
“o single appro.ch to design.

What is cmmnm to .11 successful de~i~”s , however, is tbe degree to which desis”ers have addressed i“
detail potential sources .f error i“ tbe m,.chim .“d machi”i”g process Errors mrm.lly considered
i.sig”ificmt must be considered. F.. example, the si.e cb.”ge in lar~e .Onpone”ts d.. to ..riatims i“
barometric pressure is often sis”ific.nt.

Careful attention is paid t. making the str..t.re as stiff as possible .“d to r.isin& the “at.r.l

f..q.e.cies. Stiffness aids in redu. i”~ fl.ck..tio. s i“ cut depth due t. di. t.et,.”. es such .S .a. i.ti.” i“

material thickness t. be removed or material hardness There is evideme that stiffmss affects
m.chi” ability: for example the 10 cm 80DTM, fo.e..””er of the 10 cm PERL machine h.. bee” able to machine
materials that larger, softer, m.chines h... “oL33. High mtuml frequency allows a wider bandwidth in
the axis servo co.tcols and be... better rejection of the vat-i... disturbances,

while many different slide ccmfi~...tio”. are used, a few elements of .“ifmmity ... emer~i”~. 0“ the
newer mchims, slides have hydrostatic be.rin~s. usually oil t. take .dvmt. ge of its damping pmpe. ties.
Lead screws are being replaced with capstan drives. Another element of uniformity is direct .o.pl in& of
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surfaces are completely in.deq. ate for uv and X-ray grezi”~ incidence wwk that is of increasing importwme
i“ astr.”cmy, fusion diagnostics, and synchrotr.n radiation studies. Hovever, the figure obtained is much

more freq”e”tly adequate or near adequate, end ve.y often u“obt. ir..ble i“ .ny other way.

.1 SAMPLE AS MACHINED

,“--O. s4.”

Figure 7. Ncmmrski mi.rog..ph of 2 microin.h P-V cut Fi&”r. 8. Opt i..l heter.dyne prof il.. 200 micco-
at 30 micrometers feed per r.vol”t ion. coarse c“t meter diameter circular SC.. of Ni surface ahowm

.ele. ted f.. ill.st..ti.n. APPcoxim.telY 600:1 height i“ FiS”re 7. scan is distorted since instrument
to width .spect ratio. .ttempts t. .=.. biaxial symetry .s .stigmati.m.

There are trade-offs that face optical desi~”er, ❑.chi”ist, and polisher in these latter cases.
Polishimg must to some extent be transverse to the grooves. AS ... be inferred from Appendix B, polishing
of surfaces convex with respect to the direction of pollshi”~ motion is much simpler than for c.nc.ve
surf ...s Te”sio” .1.”. ..” stretch fle. ibl. belts and membranes ..Iw8. the grooves frca peak k. peak. A
concave surf.ce however requires . pressure that may force a p.lishir.S pad, sufficiently flerible to follow
cont. ”.., down into the &ro.ve troughs t. ~lish th.s. .w.y .lmost as rapidly .s the pe.ks, prop. ~.ti”g the
irre8u1ar itie. through tbe surf ... . This is sh.pe .nd fr.quency de .“de.t, at the control of designer and

:machinist with .btwpt tr.”s itions from feasibility t. i“fe.. ibilit~ 8.

TO . first .pproximati.”, groove heights v.ry inversely with tool “.s. r.dius and .s the sq”.re of the
feed per revolution, On the other h.”d, tool l..dins i“....... with tool radius, pl.cir.s greater demands 0.
setup rigidity. I...easi”g radius places more demands .“ machine stiffness and ..” led t. chatt.r.
Deere.si”& tool feed extends !rachi”instime, increasin~the probabilityof fmvir.nmmt.l transients and
e.s.ible effects of tool wear.

The .pp.o..h to tbe pc.lishins ope.at ions is hardly o.din.ry. The fig.re of the m.chi”ed part is
frequentlywithin a fr.ctio” of . visible w.v.len~th of the finished optic. It thus besins its course
thmmgh the shop i“ what would normally be termed the fi“.1 st.~.s. Hmmver, the shape is seldom that of .
CO”ve”t io”.1 opti., and the specific.tions for smoothnessand fig”re are ft!eq.e”tlymore 8.3verethan
..md. SPe.ifi..ti... for 1.ss than 5A rm. smoothness.t frequenciesSre.ter th.” 10 cycleslrm and
Pe.k-t.-v.lley devi.t ions fr.m ideal .s low .s 50A h.v. been req.. st.d. T. date, these probably have not
met .“ .spher, c S“.faces, but they have been met on small flat. and spheres. lrIthe latter cases, they are,
in fact, bei”% .pproa.hed by as-machined surf...s arid these tolerances do “.t seem imp... ible for small
X–ray microscopes of the Welter type.

Precision polishi”s follows the same path .s precision mathi.ins. The primary emphasis is ..
metrolm$y. When adequatemetrolo~y is available, the mech.ni.s of the oper.t ion m,”st be examined,
.“der stood, .md .pplied in . r.tion.l f.shio”. For x–ray optics, detector pixel size is “. smaller than
vis“.1 wavelength spot si.., ... at the pee.e”t time, the me.. fi~”re ~...teded by state-of-the-art
m..hi”i”g is freq”ently sdeq”ate. The emph.sis from . metrology st.”dpoint is the” o. s“bmillimeterperiod
smoothness.

There are several approaches t. surf... metr.lo~y, ..ch .nfortun.tel,limited t. sm.11 flat samples.
On. is throu~h stylus measurement. At the pr.sent time these irmtr”c+ntscan r..olv. to near tenth
❑icrometerperiod and about 2 .n&strom nmplit.de~g. Heterodyne i.strments employ ins the Ze.m.n split
frequencieswith differences st.bili..d t. mast.. .ry.t.l .SciIIato=S .c. resoIvins s“.face features to
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